The two major forms of rabbit liver microsomal cytochrome P-450, P-450,,, and P-450,,,,, which were previously shown to differ in their absorption spectra, electrophoretic and immunochemical properties, and substrate specificities, have been further characterized by several methods. (a) The two cytochromes have different CD spectra in the ferric state but similar spectra when reduced. Upon conversion of P-450,,,, to P-420 by treatment with sodium dodecyl sulfate, the CD spectrum is greatly diminished except in the far ultraviolet region, whereas the conversion ofP-450 LM4 top-420 with this detergent results in a spectrum with a new positive band in the visible region. (b) Although P-450,,,, has a much higher tryptophan content than P-450,,,, the fluorescence spectra of these proteins are similar in magnitude. Upon denaturation, the fluorescence of P-450LM4 increases, thereby indicating a large quenching effect in the native protein. (c) Studies on the interaction of dilauroylglyceryl-3-phosphorylcholine with the cytochromes showed that P-450L,M2 gives a much stronger Type I difference spectrum than does P-450,,,. This phospholipid has no significant effect on the state of aggregation of these cytochromes as judged by calibrated gel filtration. The CD spectra of P-450,,, and P-450,,, are unchanged in the visible region but are enhanced in the far ultraviolet region upon the addition of phosphatidylcholine.
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3 Abbreviations used: P-450,,, liver microsomal cytochrome P-450; P-450,,, and P-450,,,,, phenobarbital-and P-naphthoflavone-inducible forms, respectively, of P-450,,, so designated according to their electrophoretic properties (3) . relative electrophoretic mobilities, have been partially characterized and shown to differ in their absorption spectra and subunit molecular weights (7) , immunochemical properties (13) , and substrate specificities (4) . Such data, as well as preliminary findings on the amino-terminal amino acid sequence (14) , strongly indicate that these are distinct proteins.
In the present paper, we have extended our studies on the characterization of P-450,,, and P-450,,, with the use of several methods, including CD and fluorescence spectrophotometry. The results confirm the earlier conclusion that these cytochromes are quite different proteins and provide information about the heme crevice structure and interactions with phosphatidylcholine. CD and ORD spectra of cytochrome P-450 in microsomal suspensions from phenobarbital-treated rabbits (15, 16) and partially purified cytochrome P-450 from such microsomes (17) have been described, and more recently magnetic CD spectra of purified P-450,,, and P-450,,, have been reported (9, M-20) . Such studies have been useful in examining the spin state of this cytochrome and the redox state-dependent conformational changes. However, CD studies have not been carried out previously with P-450LM4. Tryptophan fluorescence spectrophotometry has been used with partially purified adrenal mitochondrial cytochrome P-450 (21) , but we are unaware of previous studies on tryptophan fluorescence with P-450,,.
EXPERIMENTAL PROCEDURES Enzyme preparations. P-450,,M, and P-450,,,, were isolated from liver microsomes of phenobarbitaltreated rabbits, and P-450,,, was also isolated from liver microsomes of /3-naphthoflavone-treated rabbits according to procedures described elsewhere (7, 22) . Unless stated otherwise, the P-450,,, used in the various experiments was from phenobarbital-induced animals. The enzyme preparations were homogeneous as judged by sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
The cytochrome P-450 specific content, expressed as nanomoles per milligram of protein, ranged from 16 to 19 for P-450,,,, and from 13 to 15 for P-450,,,; the range of values for each cytochrome is apparently due to variable heme loss during purification. Protein concentrations were determined by the method of Lowry et al. (23) as slightly modified in this laboratory, and the values were corrected by the factors previously obtained from amino acid analysis of the purified cytochromes (7). P-450,, was determined from the CO difference spectrum of the reduced protein using an extinction coefficient of 91 mM-' cm-' (24) for the difference between A,,, (in the 450-nm region) and A *NJ For tryptophan determinations, the molar concentration of polypeptide chains was calculated from the protein concentration using the minimal molecular weights of 47,600 and 54,000 for P-450,,, andP-450,,,, respectively (7). CD spectra. CD spectra were recorded at ambient temperature using a Model ORDKIV-5 or Model J4OC spectropolarimeter (Japan Spectroscopic Co.) with a path length of 1.0 cm in the visible region and 0.1 cm in the far uv region. Molar ellipticity,
[IV], is expressed as degree. centimeter squared per decimole ofP-450tM. A mean amino acid residue weight of 113 was used in the computation of mean residue ellipticities,
[e],, for the far uv region of the CD spectra. Base lines were determined with all components present except P-450,,.
Fluorescence emission spectra. Fluorescence emission spectra were determined at ambient temperature with a ratio recording spectrofluorometer constructed by Dr. D. P. Ballou and Mr. G. S. Ford. The excitation wavelength for tryptophan fluorescence was 285 nm. Samples were in 0.1 M sodium phosphate buffer, pH 7.0, containing 1 mM EDTA and 20% glycerol, in the presence or absence of 6 M guanidine hydrochloride and 30 mM /3-mercaptoethanol. Determination of tryptophan residues. Titration of tryptophan residues in P-450,, by N-bromosuccinimide (25) was performed using an Aminco DW-2 spectrophotometer.
Small aliquots of aqueous 10 mM N-bromosuccinimide were added sequentially to a sample of the enzyme in 2.0 ml of 0.1 M sodium acetate buffer, pH 4.0, either with or without 8 M urea present. The number of tryptophan residues modified was calculated from the decrease in absorbance at 280 nm, using a molar extinction coefficient of 5500 (25) , with correction for the small volume changes.
Materials. Ai-Bromosuccinimide was obtained from Sigma; urea and guanidine hydrochloride, both ultrapure grade were from Schwa&Mann;
and dilauroylglyceryl-3-phosphorylcholine was from Serdary Research Laboratories.
RESULTS
CD Spectra of P-450,,, and P-450LM4
The CD spectra of the ferric forms of P-450LM2 and P-450,,., isolated from phenobarbital-treated rabbit liver microsomes are shown in Fig. 1 . Both cytochromes show several negative bands in the region of 330 to 500 nm. The negative Soret Cotton effect seen with P-450,,, at 422 nm is much stronger than that of P-450LM4, which is centered at 410 nm. In addition, both cytochromes have weak bands in this region, including one at 350 nm, whereas P-450,,, FIG. 1. CD spectra of ferric P-450LM2 and P-450LM4. The concentrations of P-450,,, and P-450,,, were 10 and 15.6 pM, respectively. (26) and adrenal mitochondrial P-450,,, (21) have a strong band at this wavelength. P-450,,, shows a weak positive band at 580 nm, whereas P-450LM4 shows a broader but stronger band centered at 545 nm. Although some of these CD bands are small, they are highly reproducible. In the near uv region, with both cytochromes a positive band is located around 290 to 295 nm with a shoulder at 310 nm. In experiments not shown, purified P-450LM4 from p-naphthoflavone-treated animals had an identical CD spectrum to that of P-450,,, from phenobarbital-treated animals.
It has been observed previously that the purified P-450,,, preparation is a mixture of high and low spin forms, as judged by absorption and epr spectra, and that the high spin form is favored at low protein and low detergent concentrations (7). Therefore, the CD spectrum ofP-450LM4 shown in Fig. 1 was recorded at the highest sensitivity of the instrument and the lowest protein concentration required for obtaining satisfactory spectra. The peak position and shape of the CD spectrum in the Soret region also indicated that the P-450,,, preparation is a mixture of high and low spin forms. It may be noted that, under the same conditions used for the CD experiment, the P-450,,, preparation had an absorption spectrum with A395/A418 equal to 1.2, which corresponds to a content of about 80% high spin form. This value was estimated algebraically using simultaneous equations, with the assumption that the P-450LM, and P-450,,, spectra published earlier (7) to the sample. The absorption spectrum of the Renex-treated sample was examined, and it was found that A395/A418 had decreased to 0.9, which corresponds to a high spin content of about 55%. In other experiments not shown, the effect of aniline at a saturating concentration on the CD spectra of the cytochromes was studied. As indicated in the report by Ruckpaul et al. (17) concerning the CD spectrum of partially purified cytochrome P-450 from phenobarbital-induced rabbit liver microsomes, 17 mM aniline decreased the intensity of the Soret band of P-450LM2 by about 20% without a shift in the maximum. The CD spectrum of anilinetreated P-450,,, was very similar to that of the Renex-treated sample, indicating the extensive conversion of high to low spin, which may arise from the ligation of aniline to the sixth coordination position of the iron. The addition of a saturating level of benzphetamine to P-450,,, or P-450,,, did not change the Soret CD spectra; this finding was unexpected in view of the effect of this substrate on the absorption spectrum of P-450,,, (20) .
When P-450LM2 was reduced with dithionite, the intensity of the Soret CD band decreased strikingly to about half of the original, and the maximum shifted to 393 nm (Fig. 3) . In contrast, the Soret CD band of ferrous P-450,,, was located at 396 nm, with only a slight decrease in intensity as compared with the oxidized form. Thus, the overall spectra of P-450,,, and P-450LM4 in 3 . CD spectra of ferrous P-450,,,, and P-450LM4. The conditions were as in Fig. 1 , but a few crystals of sodium dithionite were added to the samples. the reduced state are very similar. The results of Ruckpaul et al. (1'7) with a mixture of cytochromes are in general accord with these findings. Differences in the dichroic properties of these two cytochromes were also observed with the carbon monoxide complex of the reduced form, as shown in Fig. 4 . The spectra are characterized by two negative CD bands with different intensities: P-450,,, shows such bands at 363 and 456 nm, and those of P-450,,, are at 361 and 454 nm, respectively. This splitting of the Soret band has its counterpart in the absorption spectra, which are typical for the "hyperporphyrin" compound (27) . In addition, a unique positive band at 427 nm was observed in the CD spectrum of the CO complex of P-450,.,,.
CD Spectra of Cytochrome P-420 Derived from P-450LM2 and P-MO,,~, It has been reported by several laboratories that cytochrome P-450 is converted to an inactive form, termed P-420, by a variety of agents, such as bile salts, sodium dodecyl sulfate, urea, and KSCN (28, 29) . Therefore, we examined the changes in CD spectra upon the conversion of P-450,,, to P-420 by treatment of the native cytochromes with such reagents. Figure 5 shows the effect of sodium dodecyl sulfate at several concentrations on the CD spectrum of ferric P-450,,,. The intensity of the CD spectrum was substantially decreased by the addition of 0.008% detergent, and the spectrum was completely lost when the concentration was increased to 0.015%. At the latter concentration, P-450,>,, was completely converted to P-420. The loss of the CD spectrum was evidently not due to the release of the heme group, since the typical carbon monoxide complex of reduced cytochrome P-420 was formed as detected by the absorption spectrum. Furthermore, neither the ferrous P-420 nor its carbon monoxide complex showed a CD spectrum. In addition, the effect of sodium dodecyl sulfate on the secondary structure of the cytochrome was studied by the change of the CD spectrum in the far uv region. Whereas the native P-450,,,, has an a-helical content of about 33%, as calculated from its ellipticity at 208 nm according to the method of Greenfield and Fasman (30) , after addition of 0.015% sodium dodecyl sulfate the value was found to be 30%. Apparently, therefore, the secondary structure of this protein is virtually unchanged on conversion to P-420.
In contrast, the addition of sodium dodecyl sulfate to P-450,,, decreased the negative ellipticity at 410 nm with the concomi- CD spectra of CO complexes of ferrous P-450,.,,, and P-450,,,,. Samples as in Fig. 1 were bubbled with CO for 30 s, and a few crystals of sodium dithionite were then added. (Fig. 6) . The increase at 430 nm was complete at 0.042% detergent. The positive
The amino acid analysis reported preband at 290 nm was greatly diminished, viously (7) indicated the presence of one but only a small change was observed in the tryptophan residue per polypeptide chain of 550-nm region. At the highest sodium do-P-450LMz and seven residues in P-450,,,. In decyl sulfate concentration the absorption studies not presented, titrations with spectrum of the CO complex had a Soret N-bromosuccinimide indicated that the maximum at 420 nm, thus indicating that numbers are about 3 and 7, respectively. heme remained bound to the protein, al-The reason for the discrepancy with P-450,,, though not necessarily at the original site. is not known at this time. As shown in Fig. However, dithionite reduction of the P-420 7, the tryptophan fluorescence emission of derived from P-450LM4, with or without CO P-450,,, was maximal at 320 nm, whereas present, completely eliminated the CD spec-that of P-450,,, was maximal at 330 nm trum. The CD spectrum of native P-450,,, when the samples were excited at 285 nm; in the far uv region indicated a helical con-at these wavelengths the relative fluorestent of about 25%, which is lower than that cence intensities of the two proteins were of P-450,,,. An apparent increase of a-heli-found to be quite similar. On the other hand, cal content to about 34% was observed, in the presence of 6 M guanidine and 30 however, upon conversion of P-450,,, to InM /3-mercaptoethanol, the maximum for P-420. On the other hand, in experiments P-450,,, was shifted to 350 nm, and what not shown, cytochrome P-420 prepared by appears to be a shoulder centered at about treatment of P-450,,, or P-450,,, with 1.2 the same wavelength was observed for M KSCN by the method of Imai and Sato P-450LMz. Of particular interest, the magni-(28) exhibited no CD spectrum in the visible tude of tryptophan emission was greatly inregion in both the oxidized and reduced creased upon denaturation only with states.
P-450,,,,. Presumably all tryptophan resi- dues are exposed to the solvent in the de-the data the K, was determined to be about natured proteins, which then exhibit the 0.45 mM. In contrast, P-450,,, gave only normal emission maximum of this amino acid in aqueous solution.
slight spectral changes suggestive of a Type I difference spectrum. Since such spectra are believed to be indicative of a low to high is already largely in the high spin state, a large spectral change due to the addition of phospholipid would not be expected.
In earlier experiments, solubilized but unpurified P-450,, was shown to have an apparent molecular weight of about 350,000 by several techniques, but this value was considered provisional in view of the heterogeneity of the preparation (33) . As indicated in Table I , the apparent molecular weights of purified P-450,,, and P-450,,, determined by calibrated Sepharose 6B column chromatography in the absence of added detergent or lipid were 300,000 and 500,000, respectively. Clearly, therefore, the purified proteins are in an aggregated state, and from the known minimal molecular weights the aggregates would appear to contain about six and nine heme polypeptides in P-450,,, and P-450LM4, respectively. Recently, a sedimentation coefficient of 13.5 S and molecular weight of 330,000 were reported for P-450,,, (34) , in good agreement with our results. Upon the addition of dilauroylglyceryl-3-phosphorylcholine the apparent molecular weights determined by gel filtration increased somewhat. Since at least 20 molecules of this phospholipid are known to be bound per polypeptide chain of P-450,,, (32) and since similar data are not yet available forP-450,,,, the most reasonable interpretation of the data is that the changes shown in the table may be largely due to lipid binding rather than an increase in the aggregation state of the cytochromes.
The effect of phospholipid on the cytochromes was also examined by CD spectrophotometry. In experiments not shown, the CD spectra for P-450,,, and P-450,,, were unchanged in the visible region upon the addition of dilauroylglyceryl-3-phosphorylcholine at a final concentration of 1.0 mg/ml. The result with P-450,,, was somewhat un- 49,000 55,000
n The apparent molecular weights were determined by gel filtration chromatography at 4°C on a Sepharose 6B column (1.6 x 58 cm) previously equilibrated with 0.1 M sodium phosphate buffer, pH 7.4, containing 20% glycerol and 1.0 mM EDTA. The column was saturated withP-450LM, or P-450,,,,, and 1 ml of equilibrating buffer mixture containing 40 nmol of cytochrome with or without 1.0 mg of dilauroylglyceryl-3-phosphorylcholine was then added, followed by more of the equilibrating buffer mixture. The standards used for molecular weight calibration were IgG (lSO,OOO), pyruvate kinase (23'7,000), apoferritin (480,000), p-galactosidase (520,000), and thyroglobulin (670,000). h The minimal molecular weights are based on amino acid analysis and also include heme and carbohydrate, as reported previously (7). FIG. 9 . Effect of phospholipid on CD spectra of cytochromes in far uv region. The ellipticity was expressed as mean residue ellipticity using a mean residue weight of 113. The spectra of P-450,,,, (0.17 mg proteiniml, including apoenzyme) and P-450,,,, (0.10 mg protein/ml, includingapoenzyme) in 0.1 M sodium phosphate buffer, pH 7.4, containing 20% glycerol and 1.0 mM EDTA, were determined in the presence and absence of dilauroylglyceryl-3-phosphorylcholine.
The final concentration of the phospholipid was 50 pgiml. expected in view of the phospholipid binding spectrum reported above. However, a change in the CD spectra of the cytochromes was observed in the far uv region, as shown in Fig. 9 . The data were examined by the method of Greenfield and Fasman (30) for determining a-helical content, and it was calculated that P-450,,, had undergone an apparent increase from 37 to 44% upon the addition of phospholipid. With P-450LM4 the effect was more pronounced, with an apparent increase from 25 to 49%.
DISCUSSION
The data presented in this paper clearly demonstrate that P-450,,, and P-450,,, differ in their CD spectra. Ferric P-450Lb,2, which is isolated in the low spin state, has a negative Soret CD band which is twofold stronger and at a longer wavelength than the corresponding band of ferric P-450LM4, which is isolated as an apparent equilibrium mixture of low and high spin states. The addition of Renex, which changes P-450,M4 from the state characterized by a Soret absorption maximum at 395 nm to that at 418 nm, causes a similar red shift of the Soret band in the CD spectrum. Furthermore, increasing the P-450LM4 concentration (data not presented) or the addition of aniline has similar effects on both the absorption and CD spectra. In this connection, much remains to be learned about the heme environment in these two cytochromes, including the identity of the sixth ligand. In the ferrous state, P-450,,, and P-450,,, have highly similar CD spectra, with Soret bands at about 395 nm, suggesting that significant conformational changes had occurred, particularly upon reduction of ferric P-450,,,,. A shift of the Soret CD peak similar to that observed upon the reduction of P-450,,, was found for P-450,,, by Peterson (26) . Dawson et al. (20) have reported that the magnetic CD spectra of ferric P-450,,, and P-45OLiw are different due to differences in spin state, whereas the spectra of the ferrous cytochromes and their CO complexes are similar. Their interpretation of these changes is similar to that presented above.
Ruckpaul et al. (17) presented evidence earlier that the negative CD Soret band of partially purified P-450,, from phenobarbital-induced rabbit liver microsomes is very strong and calculated the rotational strength, dipole strength, and anisotropy from resolved Gaussian curves of CD and absorption spectra. They interpreted the low anisotropy value as indication of a relatively open heme pocket. Using the same reasoning, our results indicate that the heme pocket of ferric P-450,,, is probably less open than that of ferric P-450,,,. This interpretation is in accord with a solvent perturbation difference spectral study reported previously (1). The high accessibility of the heme iron of partially purified P-450,, and of purified P-450,,, has also been shown by nmr studies of the rate of solvent proton relaxation (35, 36) . The large decrease in intensity of the CD Soret band upon reduction of P-45OLh12 may reflect the closing of the heme pocket to give a structure similar to that of reduced P-450,,,,. The closing of the heme crevice upon reduction has been reported for other hemeproteins as well (37, 38) .
The change of the CD Soret band of P-450,,, from negative to positive upon conversion to P-420 by sodium dodecyl sul-fate treatment (see Fig. 6 ) is quite striking. The decrease and eventual loss of the CD spectrum of P-450,,, on conversion to P-420 by this detergent, on the other hand, indicates that the heme is now in a symmetrical environment. P-420 made from both P-450,,, and P-450,,, by KSCN treatment is inactive in CD.
The studies on tryptophan fluorescence emission show the quenching effect of heme or of other amino acids in native P-450,,,.
Presumably energy transfer from tryptophan to heme is possible for suitably positioned tryptophan residues. The nonquenched tryptophan residues may possible be located in highly hydrophobic domains, as indicated by the fluorescence maxima at 320 to 330 nm, according to studies by Teale (39) .
Phosphatidylcholine, which greatly enhances the rate of electron transfer from NADPH to cytochrome P-450, catalyzed by NADPH-cytochrome P-450 reductase (31) , and also the rate of substrate hydroxylation in the reconstituted enzyme system (4), does not cause the formation of larger aggregates or membrane-like structures. We have previously demonstrated that in the presence of the phospholipid the apparent K, of the reductase and the K, of benzphetamine for P-450,,, are significantly decreased (32) , but the reason for these changes was not clear. The results presented here showing an apparent effect of phospholipid on the a-helical content of P-450,,, (and to a somewhat lesser extent with P-450,,,) suggest that the changes in catalytic activity and binding constants may result from structural changes in the cytochromes. The possibility should also be considered, however, that the CD spectral changes observed in the far uv region may result in part from slight changes in turbidity and therefore in light scattering (40) .
